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1 Introduction
In the spectroscopy of charm mesons, the D and D

ground states are well established





have been clearly observed so far [1].
For mesons containing heavy and light quarks (Qq) and in the limit where the heavy




), the spin ~s
Q
of









light component are separately conserved by the strong interaction [2]. This heavy quark
symmetry, together with quark potential models used for lower mass mesons, allows the








to be predicted [3, 4, 5].
The D and D

correspond to the two degenerate levels of the (L = 0, j
q
= 1=2) state.





= 3=2. The j
q
= 1=2 states decay through an S-wave and are expected to have a large
decay width, whereas the j
q
= 3=2 states decay through a D-wave and are narrow. This






(2460) have been observed with decay widths of about 20 MeV/c
2
and are identied as
the states with j
q






, respectively [1]. Orbitally excited beauty

















































































































= 1=2 states are estimated according to [5]. The narrow j
q
= 3=2 states are
measured [1]. In the last column, those predicted decay modes which are not yet observed
are indicated within parentheses.
Using about 3.5 million Z decays observed in DELPHI from 1992 to 1995, a study of





































. High purity bb and
cc samples are selected separately using both the energy and lifetime informations.
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2 The DELPHI detector
The DELPHI detector and its performance have been described in detail elsewhere [6, 7];
only those components relevant for the present analysis are discussed here.
The tracking of charged particles is accomplished in the barrel region with a set of
cylindrical tracking detectors whose axes are oriented along the 1.23 T magnetic eld and
the direction of the beam.
The Time Projection Chamber (TPC), the main tracking device, is a cylinder of 30 cm





it provides up to 16 space points along the charged particle trajectory.
The Vertex Detector (VD), located nearest to the LEP interaction region, has an
intrinsic R resolution of 5{6 m, transverse to the beam direction, and consists of three
concentric layers of silicon microstrip detectors at average radii of 6.3 cm, 9.0 cm, and
10.9 cm. The layers surround the beam pipe, a beryllium cylinder of inner radius 5.3 cm
and wall thickness 1.45 mm. In the earlier runs all the VD layers were single-sided with
strips parallel to the beam axis. In 1994 and 1995 the innermost and the outermost layers
were replaced by double-sided silicon microstrip modules, allowing measurements to be
made parallel to the beam.
The VD, the Inner Detector (ID), the TPC and the Outer Detector (OD), measure





information from these detectors, a resolution, (p)=p, of 3:0% has been obtained for
muons of 45 GeV/c momentum.
Hadrons are identied using the specic ionization (dE=dx) in the TPC and the
Cherenkov radiation in the barrel Ring Imaging CHerenkov detector (RICH) placed be-
tween the TPC and the OD detectors.
The tracking in the forward (11

<  < 33

) and backward (147

<  < 169

) regions
is improved by two pairs of Forward drift Chambers (FCA and FCB) in the end-caps.
3 The event sample and the simulation
Charged particles were selected as follows: the momentum had to be between 0.1 GeV/c
and 50 GeV/c, the relative error on momentum measurement less than 100%, the track
length in the TPC had to be larger than 30 cm, the projection of their impact parameter
relative to the interaction point had to be below 4 cm in the plane transverse to the beam
direction and the distance to the interaction point along the beam direction below 10 cm.
Hadronic events were selected by requiring ve or more charged particles (of momen-
tum larger than 0.4 GeV/c) and a total energy of charged particles larger than 12% of
the collision energy, assuming all charged particles to be pions. A total of 3.5 million
hadronic events was obtained from the 1992-1995 data at centre-of-mass energies close to
the Z mass.
Simulated hadronic events were generated with the JETSET 7.3 Parton Shower pro-
gram [8]. The generated events were followed through a detailed detector simulation [7]
which included simulation of secondary interactions and digitization of all electronic sig-
nals. The simulated data were then processed through the same analysis chain as the real
data.
In order to estimate the reconstruction eciencies and the invariant mass resolutions,
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The primary interaction vertex was computed in space for each event using an iterative
procedure based on the 
2
of the t of all charged particle trajectories [7]. The average
transverse position of the interaction point, measured for each ll, was included as a

















combinations were tried to t a
secondary vertex in space. The D
0
momentum was taken as the sum of the momenta of
the decay products from this secondary vertex. Kaon candidates were considered if they
had a momentum larger than 1 GeV/c. Pion candidates were considered if they had a
momentum larger than 1 GeV/c in the K channel and 0.5 GeV/c in the K3 channel. A
distance L (with an uncertainty 
L
) was computed between the primary and secondary
vertices in the plane transverse to the beam axis. This distance was given the same sign
as the scalar product of the D
0
momentum with the vector joining the primary to the
secondary vertices.
To reduce the combinatorial background in the K channel where no K identica-




ight direction and the kaon direction
in the D
0
rest frame was required to satisfy the condition cos 

>  0:9. For genuine
D
0
candidates an isotropic distribution in cos 

is expected whereas the background is
strongly peaked in the backward direction.
In the K3 channel further selections were required to reduce the combinatorial back-
ground: an impact parameter, computed in the plane transverse to the beam direction,
of each charged particle track relative to their common D
0
vertex smaller than 300 m,
a kaon candidate compatible with the expectation according to the combined RICH and
dE=dx identication and a positive distance L.
Then all charged particles with momentum between 0.4 GeV/c and 4.5 GeV/c and
charge opposite to that of the kaon candidate of the D
0



















was larger than 0.25. The pion from the D
+
decay and at
least two particle tracks from the D
0
decay were required to have at least one hit in the
VD.
Charmed mesons from Z! bb events were distinguished from those in cc events by
considering both their energy and lifetime informations:
 In bb events each bottom quark fragments into a B hadron which subsequently
decays to a D meson, whereas in cc events charmed mesons are directly produced





from primary charm quark and a softer X
E
spectrum from bottom quark
events.
 The apparent proper time t(D
0
) of a D
0


















transverse momentum relative to the beam axis. For a D
0




) is the D
0
proper decay time and is on average 0:4 ps [1]. For a
D
0
from B decay, L is greater than the D
0
decay length whereas the D
0
momentum
is lower on average than for cc events. This results in an apparent proper time which
is longer than the mean B lifetime of 1:6 ps [1]. From the simulation, selecting
D
0
decays with an apparent proper time greater than 1 ps would retain about 10%
from cc events and 60% from bb events.
 Due to the relatively long lifetimes of charmed and bottom particles, the heavy
avour events are characterised by the presence of secondary vertices. A variable
P
B
was dened as the probability that all charged particle tracks detected in the
event came from the primary vertex [7, 9]. This variable was much smaller in
bb events than in cc or light quark events. Typically a 90% purity was achieved for
60% of bb events by selecting P
B
values less than 10
 2
.
The cuts which were applied to select the bb and cc enriched samples are detailed in





was assigned to the bb (cc) enriched sample. The D
+
reconstruction times selection




0:25   0:35 0:35  0:45 0:45  0:55
L=
L












0:40   0:55 0:55  0:70 0:70   1:
t(D
0








Table 2: Selections applied in the bb and cc enriched samples.
Finally the selection of D
+
candidates relied on the small mass dierence (M)
between the D
+
and the candidate D
0
















invariant mass is within 55 MeV=c
2
of the nominal D
0
mass. Figures 1b) and d) show the invariant K3 mass distribution
when the mass dierence value M is within 1.5 MeV=c
2





dierence. Figures 1a-b) and c-d) correspond to the bb and cc enriched samples, respec-
tively.





where a and b were free parameters, and the D
+
signal was described by
Gaussian functions. The K3 mass distributions were tted by using a second order poly-










events and a second Gaussian function which described events where the kaon and pion




candidates were permuted. According to the simulation the latter
contribution amounted to 7% of the tted signal, with a broad width of 110 MeV=c
2
.
In the following for the K (or K3) channel, the mass dierence will be required
to lie within 2:5 (1:5) MeV/c
2








invariant mass to lie within 55 (45) MeV/c
2
of the nominal D
0
mass.
The total number of selected D
+
is indicated in Table 3 for both bb and cc enriched
samples.















































Table 3: Observed number of charmedmesons with their bb and cc purities in each bb and
cc enriched sample. Only statistical errors are quoted.
5 Study of narrow orbital charm states
Starting from the previously reconstructed D
+











nal state, all pion candidates of charge
opposite to the D
+
and detected with at least one hit in the VD were considered. Using














vertex was tted. The track combination












vertex was less than 200 m (50 m). In the bb (cc) enriched sample, the 
 
momentum
had to be larger than 1.0 (1.5) GeV/c.
In the bb enriched sample, further selections were required in order to reduce the
higher combinatorial background. According to the combined RICH and dE=dx infor-
mation, the 
 
candidate had not to be compatible with the kaon hypothesis. Then, for
each 
 
candidate, the impact parameter relative to the primary interaction vertex was
computed in the plane transverse to the beam axis. The sign of this impact parameter
was dened with respect to the D
+





momentum vectors was downstream of the primary vertex along
the D
+
direction, and negative if it was upstream [9]. In order to reject almost half
of the background due to fragmentation particles, the impact parameter relative to the
primary vertex had to be positive. According to the simulation of bb events, only 6% of

 
candidates did not satisfy this requirement.



























is the nominal D
+












) invariant mass distribution is presented in Figure 2 for the selected




) pairs is observed between
2.4 and 2.5 GeV/c
2









) mass spectrum was tted as the sum of three contributions: a background


























convolution of a Breit-Wigner function and a Gaussian describing the experimental mass
resolution. Fixing the mass and width of both resonances to their world average value [1],






is given in Table 3.












a D-wave transition. Two 1
+
states are foreseen and the observed D
1
may be in fact a
mixing of both states. However the unobserved D

1
is expected with a large decay width
and should decay mainly through a S-wave transition, thus the narrow D
1
is expected
to decay mainly through a D-wave transition. The helicity angle 
H
is dened in the
D
+

















decay. The predicted angular distributions are
dN=d cos 
H




for a pure D-wave 1
+








state [4]. The observed distributions (see Figure 3) are in agreement with this






resonant states, as already shown in CLEO [12].









), of the reconstruction times




candidates relative to the D
+
candidates was found to
be 0.52 (0.62) in the bb (cc) enriched sample.
Using Table 3, the number n
q
of reconstructed D mesons from genuine qq events can
be inferred from the corresponding numbers N
q





























































































= (6:0  1:8 (stat:)) %
R
b2
= (4:2  1:8 (stat:)) % (3)
R
c1
= (5:3  1:1 (stat:)) %
R
c2




can decay both into D and D
















) = 2:3  0:6 [1] whereas spin-parity conservation pre-
vents the D
1



























decay mode, the weighted average of the D
+
production
























where the Z partial decay width into qq nal state relative to its total hadronic width is
predicted to be R
b
= 0:216 and R
c







































) = (4:7  1:3 (stat:)) % :
Systematic uncertainties are under study, a preliminary evaluation indicates that they
are lower than the statistical error.
6 Conclusion
Using 7400 exclusively reconstructed D

, the multiplicity of charm narrow orbital states




cc events agrees well with previous LEP and CLEO measurements, but the value found








channel, is larger (but still compatible)









) DELPHI 2:0 0:6 4:8 2:0
OPAL [13] 5:0 1:5 4:7 2:7
f(c! D

) DELPHI 1:9 0:4 4:7 1:3
OPAL [13] 2:1 0:8 5:2 2:6
ALEPH [14] 1:9 0:4 6:5 1:8
CLEO [12] 1:8 0:3 1:9 0:3
theory [15] 1.7 2.4






multiplicity in b and c quark jets.
The statistical and systematic errors have been added quadratically, except for DELPHI
where only the statistical error is quoted.
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b sample b sample
c sample c sample























decay channel. (a,b) are bb and
(c,d) are cc enriched samples. The solid line curves are ts which include a background


























































in two bb and cc enriched samples. The mass computation is explained in the text. The
solid line curve is a t which includes a background parametrisation (dashed curve alone)
















































(b) D2*0 → D*+pi-







states. The curves are described in section 5.
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